In this work, the solvation and electronic structure of the aqueous chloride ion solution was investigated using Density Functional Theory (DFT) based ab initio molecular dynamics (AIMD). From an analysis of radial distribution functions, coordination numbers, and solvation structures, we found that exact exchange (Exx) and non-local van der Waals (vdW) interactions effectively weaken the interactions between the Cl − ion and the first solvation shell. With a Cl-O coordination number in excellent agreement with experiment, we found that most configurations generated with vdW-inclusive hybrid DFT exhibit 6-fold coordinated distorted trigonal prism structures, which is indicative of a significantly disordered first solvation shell. By performing a series of band structure calculations on configurations generated from AIMD simulations with varying DFT potentials, we found that the solvated ion orbital energy levels (unlike the band structure of liquid water) strongly depend on the underlying molecular structures. In addition, these orbital energy levels were also significantly affected by the DFT functional employed for the electronic structure; as the fraction of Exx was increased, the gap between the highest occupied molecular orbital of Cl − and the valence band maximum of liquid water steadily increased towards the experimental value.
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I. INTRODUCTION
The nature of the interaction between the hydrogen bond (HB) network of liquid water and the solvated chloride ion (a member of the Hofmeister series) is currently a topic under intense research due to its fundamental importance in biochemistry, atmospheric chemistry, and geological processes.
1-4 Experimentally, the interaction between the solvated chloride ion, Cl − , and the surrounding aqueous environment has been successfully probed by a variety of techniques.
5- 25 In particular, X-ray and neutron scattering as well as X-ray absorption measurements, have been used to investigate the solvation structure of aqueous chloride solutions, providing experimental determination of the Cl-O and Cl-H radial distribution functions (RDF), g Cl−O (r) and g Cl−H (r), and the associated coordination number, i.e., the number of water molecules populating the first solvation shell surrounding a given Cl − ion. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] In addition, the electronic structure associated with this fundamental aqueous ionic solution was studied by Delahay 17 and Winter et al., 24 in which state-of-the-art photoemission spectroscopy (PES) was utilized to characterize the valence 3p bands of the solvated Cl − ion, which were found to be approximately 1.25-1.50 eV above the valence band maximum (VBM) of liquid water.
From a theoretical and computational point of view, first-principles based computational methods such as ab initio molecular dynamics (AIMD) have become powerful tools in the study of condensed-phase systems such as liquids 26, 27 and aqueous ionic solutions. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] With the AIMD technique, the nuclear potential energy surface is generated "on the fly" from the electronic ground state 40 without the need for empirical input, thereby allowing for a quantum mechanical treatment of not only the structure and dynamics of a given molecular system of interest, but also its electronic and dielectric properties, as well as potential chemical reactions [41] [42] [43] (i.e., the breaking and forming of chemical bonds). Since the initial pioneering simulations of liquid water, 26, 27 AIMD has been applied to many complex problems in biology, chemistry, and energy research, e.g., the designing of efficient catalysts for hydrogen production 43 and the modeling of the auto-ionization 41 and electrocatalytic splitting of water, 42 to name a few. In particular, AIMD simulations employing density functional theory (DFT) as the source of the underlying quantum mechanical potential have been used to generate reasonably accurate microscopic descriptions of the structure of the aqueous chloride ion solution, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] with RDFs and associated coordination numbers that were consistent with the available experimental data. These studies found that the predicted solvation structure in the aqueous chloride ion solution is moderately dependent on the exchange-correlation (XC) potential, with semi-local generalized-gradient approximation 44, 45 (GGA) functionals such as PBE 46 and BLYP 47, 48 yielding similar predictions to hybrid functionals such as PBE0. 49 In addition, the HB network of water was found to be only locally perturbed by the presence of the solvated ion, a finding which is consistent with the general expectation that Cl − is a weak disrupter of the aqueous environment.
12-14 However, these studies also demonstrated that the electronic structure of this aqueous ionic solution is very sensitive to the adopted XC approxima-tion. 37, 38 In particular, higher-level electronic structure calculations performed on GGA-DFT generated configurations (structures) were found to significantly underestimate the energy levels of the solvated Cl − ion, with resulting energetics that can even be qualitatively incorrect.
37,38
In the study of an aqueous ionic solution, an accurate theoretical description of the underlying HB network is a prerequisite for characterizing and understanding the interaction between a solvated or embedded ion and its surrounding environment. In neat liquid water, the predictive power of DFT-based AIMD in the microscopic description of the HB network critically depends on the accuracy of the underlying XC functional utilized in the quantum mechanical treatment of the electronic degrees of freedom. In this regard, it is now clear that the most widely used XC functionals, i.e., the class of functionals based on the GGA, have severe limitations when applied to liquid water as well as the crystalline phases of ice. [80] [81] [82] [83] [84] [85] [86] [87] Most notably, GGA-DFT suffers from the presence of self-interaction error (SIE) 88, 89 and the neglect of non-local electron correlation effects that are responsible for van der Waals (vdW) or dispersion interactions; as a result, these deficiencies in the GGA XC potential manifest as significant overstructuring and excessively sluggish dynamics in aqueous systems such as ambient liquid water. Beyond the choice of the XC functional, most AIMD simulations of liquid water and aqueous ionic solutions performed to date have adopted classical mechanics for the nuclear equations of motion and therefore completely neglect nuclear quantum effects (NQE)-another approximation that has been deemed insufficient for a highly accurate quantitative description of the microscopic structure and HB network in aqueous systems. In the case of liquid water, light atoms such as hydrogen deviate significantly from classical behavior even at room temperature, [90] [91] [92] as evidenced by experimental isotope effect studies which demonstrated a softening of the liquid structure (i.e., in the comparison of H 2 O to D 2 O).
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Hence the neglect of NQE in aqueous systems such as ambient liquid water leads to overstructuring in the predicted RDFs.
92,94-96
A commonly adopted method to alleviate the deleterious effects of SIE in GGA-DFT is the use of hybrid XC functionals, wherein a fraction of exact (or HartreeFock) exchange (E xx ) is included in the density functional approximation. Due to the relatively high computational cost associated with these XC functionals, applications of hybrid DFT have mostly been restricted to small gas-phase clusters of water, 97-101 although recently hybrid functionals have been applied in the study of several crystalline phases of ice [81] [82] [83] [84] 102 and liquid water. 50, 51, 64, 73, 79, 103 In comparison to GGAs, these studies demonstrated that the energetic, structural, and vibrational properties of these aqueous systems, as predicted by hybrid DFT calculations, are generally in closer agreement with the available experimental data. [81] [82] [83] [84] [99] [100] [101] [102] [103] Indeed, an accurate microscopic description of the HB network by hybrid XC functionals has a non-negligible effect on the theoretical characterization of the solvated chloride ion. In this regard, it was found that the use of hybrid DFT was crucial in obtaining a qualitatively correct energy difference between Cl − and the VBM of liquid water. In addition, both hybrid and GGA XC functionals lack the ability to describe vdW/dispersion interactions, which arise from non-local dynamical electron correlation and have a substantial effect on the microscopic structure of condensed-phase aqueous systems. In fact, the explicit inclusion of vdW interactions in DFT has been shown to significantly improve upon the theoretical description of the transition pressures among the high-pressure phases of ice 81, 84, 85 and the predicted equilibrium density of liquid water. 51, 77, 78 While many recent studies have concluded that the structure of liquid water significantly softens when vdW interactions are accounted for in the underlying XC potential, the extent to which these non-local forces affect the structure of liquid water is largely dependent upon the given approach utilized to facilitate vdW-inclusive DFT. 51, [70] [71] [72] [73] [74] [75] [76] [77] [78] 103 Hence, the inclusion of vdW or dispersion interactions in the underlying XC potential is expected to have a non-negligible effect on the theoretical description of the HB network and must be accounted for in the study of aqueous ionic solutions such as the solvated chloride ion.
Recently it was shown that utilization of the hybrid PBE0 functional, 49, 104 which includes 25% exact exchange, in conjunction with a fully selfconsistent (SC) implementation of the density-dependent vdW/dispersion correction of Tkatchenko and Scheffler 105 (TS-vdW), i.e., the PBE0+TS-vdW(SC) XC functional, yields an oxygen-oxygen structure factor, S OO (Q), and corresponding RDF, g OO (r), that are in quantitative agreement with the best available experimental data. 103, 106 This level of agreement between ab initio simulations and experiment was attributed to an increase in the relative population of water molecules in the interstitial region (i.e., the region between the first and second coordination shells), a collective reorganization in the liquid phase which is facilitated by a weakening of the HB strength by the use of a hybrid XC functional, coupled with a relative stabilization of the resultant disordered liquid water configurations by the inclusion of long-range vdW/dispersion interactions. In fact, this increasingly more accurate description of the underlying HB network in liquid water also yielded other correlation functions, such as the oxygen-hydrogen RDF, g OH (r), and the higher-order oxygen-oxygen-oxygen triplet angular distribution, P OOO (θ), which encodes the degree of local tetrahedrality, as well as electrostatic properties, such as the effective molecular dipole moment, that are in much better agreement with experiment. 103 In this regard, the overall agreement between experiment and the PBE0+TS-vdW(SC) description of the microscopic structure of ambient liquid water is indeed a very promising starting point for accurately investigating the structural and energetic properties that characterize the aque-ous chloride ion solution, which is the main focus of the work reported herein.
II. COMPUTATIONAL DETAILS
In this work, we have systematically performed a series of Car-Parrinello AIMD simulations 40 of the aqueous chloride ion solution at ambient conditions using a hierarchy of different XC functionals. The sequence of XC functionals employed herein includes the standard semilocal GGA of Perdew, Burke, and Ernzerhof (PBE), 46 the corresponding hybrid PBE0 49, 104 which includes 25% exact exchange, and the self-consistent (SC) dispersioncorrected analogs 107 thereof, i.e., PBE+TS-vdW(SC) and PBE0+TS-vdW(SC), based on the TkatchenkoScheffler 105 density-dependent vdW/dispersion functional.
All of these AIMD simulations were performed in the canonical (N V T ) ensemble using periodic simple cubic simulation cells containing Cl − ion in (H 2 O) 63 with lattice parameters set to reproduce the experimental density of liquid water at ambient conditions. All of the AIMD simulations were initially equilibrated for approximately 6 ps and then continued for an additional 20-50 ps for data collection (with the AIMD simulations employing the hybrid PBE0 functional at the lower end of this range of simulation times). Since a classical treatment of the nuclear degrees of freedom was found to be insufficient for a quantitatively accurate description of the microscopic structure of ambient liquid water, we have performed all AIMD simulations in this work at the elevated temperature of 330 K, a technique that is suggested by the lowestorder perturbative expansion of the free energy (inh) to account for the quantum mechanical nature of the nuclear degrees of freedom. 108 In practice, this increase of approximately 30 K in the simulation temperature has been found to mimic the nuclear quantum effects (NQE) in structural quantities such as the oxygen-oxygen radial distribution function (g OO (r)) in both DFT 92 and force field 95, 96 based MD simulations of liquid water. All calculations reported herein were performed within the plane-wave and pseudopotential framework and utilized a modified development version of the Quantum ESPRESSO (QE) software package. 109 To meet the additional computational demands associated with largescale AIMD simulations based on hybrid XC functionals, we have employed a linear scaling O(N ) exact exchange algorithm that exploits the natural sparsity associated with the real-space maximally localized Wannier function (MLWF) 110 representation of the occupied Kohn-Sham electronic states. 111, 112 In addition, we have also developed and utilized a linear scaling O(N ) selfconsistent implementation of the TS-vdW dispersion correction, 107 which provides a framework for computing atomic C 6 dispersion coefficients as explicit functionals of the charge density, i.e., C 6,AB = C 6,AB [ρ(r)], thereby accounting for the local chemical environment surrounding each atom. 105 More explicit descriptions of the theoretical methods employed herein can be found in Ref. [103] .
The Car-Parrinello (CP) 40 equations of motion for the nuclear and electronic degrees of freedom were integrated using the standard Verlet algorithm and a time step of 4.0 a.u. (≈ 0.1 fs). To ensure an adiabatic separation between the electronic and nuclear degrees of freedom in the CP dynamics, we used a fictitious electronic mass of 300 a.u., which was found to be a reasonable choice for the simulation of water, 53 and the nuclear mass of deuterium for each hydrogen atom. All electronic wavefunctions were expanded using a plane wave basis set with a kinetic energy cutoff of 72 Ry, and the interactions between the valence electrons and the ions (consisting of the nuclei and their corresponding frozencore electrons) were treated with Troullier-Martins type norm-conserving pseudopotentials.
113 Ionic temperatures were controlled with massive Nosé-Hoover chain thermostats, 114, 115 each with a chain length of 4. 116 A neutralizing background charge was included in the Ewald summation of the electrostatic energy to compensate for the net negative charge of the chloride ion solution.
To examine the electronic structure surrounding the solvated chloride ion, we have performed wavefunction optimizations (i.e., self-consistent solutions of the nonlinear Kohn-Sham equations) using the PBE, PBE0 (25% exact exchange), and BHLYP 117 (50% exact exchange) XC functionals on a set of configurations (structures) selected at even intervals along a given MD trajectory. Real-space integration of the orbital densities surrounding the solvated chloride ion was performed within a sphere of radius R = 1.5Å to determine the ionic contribution to the overall electronic structure and to identify the highest-occupied molecular orbital (HOMO) states. All PBE and PBE0 wavefunction optimizations were performed with the QE software package. 109 Calculations with the BHLYP XC functional were performed with the CP2K suite of programs 118 using a split-valence triple-ζ basis set (appended with an additional set of polarization functions) in conjunction with Goedecker-Teter-Hutter type pseudopotentials 119 and a density cut-off of 400Ry.
III. RESULTS AND DISCUSSIONS
A. Solvation Structure of the Aqueous Cl − Ion
We begin our investigation of the aqueous chloride ion solution by considering the chloride-oxygen and chloride-hydrogen RDFs, g Cl−O (r) and g Cl−H (r), as shown in Fig Table I along with the available experimental findings. Here, the n Cl−O and n Cl−H asso- a PBE0 results at 380 K from Ref. [38] . b PBE0 results at 380 K from Ref. [39] . c Empirical potential structure refinement (EPSR) of neutron diffraction data (0.67 M NaCl solutions) of Ref. [12] .
d X-ray scattering experiment of Ref. [10] . ciated with the first coordination shell were computed by integrating each respective g(r) in Fig. 1 up to the first minimum via n α−β = 4πρ dr g α−β (r), wherein ρ is the number density of the respective atom.
The first well-pronounced feature to note in Fig. 1 is the sharp first peak in the g Cl−O (r) corresponding to the first solvation shell, which is followed by a lower and broader second peak representing the second coordination shell. In general, all of the AIMD trajectories considered here (generated using the four different XC functionals discussed above) yield consistent RDFs, with each predicting that the position of the first maximum is located at r Table I ). Furthermore, we note that our findings for the r max Cl−O and r max Cl−H quantities at the PBE0 level of theory are also in relatively good agreement with the analogous data provided by the recent work of Zhang et al., 38 which studied the solvation structure of Cl − in water using the PBE0 XC functional (see Table I ). With deviations of 0.01Å and 0.03Å, respectively, these small differences may be attributed to the ∼ 50 K temperature difference between these two simulations.
Since the first peaks of the g Cl−O (r) and g Cl−H (r) are useful indicators of the relative structuring of the solvation shell surrounding a given Cl − ion, the dependence of these quantities on the underlying XC potential deserves further comment. For one, we note that the inclusion of vdW/dispersion interactions leads to a reduction in the structure of the first solvation shell-an effect that manifests as a simultaneous reduction in the intensities coupled with an increase in the positions of the first maxima in both g Cl−O (r) and g Cl−H (r). At the PBE (PBE0) level of theory, the inclusion of non-local vdW/dispersion interactions leads to significant reductions in h The effects of vdW/dispersion interactions are also clearly evident in the interstitial region between the first and second coordination shells in both g Cl−O (r) and g Cl−H (r). Here, the attractive vdW/dispersion force enhances the interaction strength between the Cl − ion and interstitial water molecules and favors more distorted and entropically-driven geometrical configurations. Hence, we observed a net increase in the population of water molecules in the interstitial region in both g Cl−O (r) and g Cl−H (r) with the vdW-inclusive functionals considered in this work (see Fig. 1 ).
This simultaneous weakening and strengthening of the interactions between the Cl − ion and its surrounding water molecules as obtained with vdW-inclusive hybrid DFT can be further understood by considering a partial decomposition of the RDFs. In Fig. 2 , the contributions to the g Cl−O (r) and g Cl−H (r) arising from the 4th, 5th, 6th, and 7th neighboring water molecules are plotted for each of the XC functionals employed in this work. At the PBE0+TS-vdW(SC) level of theory, the first five oxygen and hydrogen atoms (with only the 4th and 5th neighbors shown for clarity) were found to be further from the Cl − ion on average, as compared to the corresponding distances obtained with PBE, indicating a weakening of the interactions between the Cl − ion and these surrounding water molecules. However, the exact opposite trend was found for the 6th and 7th neighboring oxygen and hydrogen atoms, in which these neighbors were found to be much closer to the Cl − ion in the case of PBE0+TS-vdW(SC) when compared to PBE, indicating a strengthening of the interactions with the Cl − ion and these surrounding water molecules. As a result, the collective effects of exact exchange and vdW/dispersion interactions tend to weaken the interactions between the Cl − ion and the first five neighbors while simultaneously strengthening the interactions with the water molecules beyond the 6th neighbors, which results in a larger overlap between the first and second coordination shells and a net reduction in the structure of the solvation shell surrounding the Cl − ion. Furthermore, the collective effects of exact exchange and vdW/dispersion interactions also influence the positions of the first minima in the g Cl−O (r) and g Cl−H (r), quantities which are typically used to indicate the points of separation between the first and second coordination shells. In this regard, the positions of the first minima in these RDFs, i.e., r Table I ). This finding has an important immediate consequence, in that the mean coordination numbers obtained by integrating the first peak of these RDFs up to their first respective minima vary considerably among the XC functionals considered herein. Here, we found that the mean Cl-O coordination number, n Cl−O , increases by 0.8 with both PBE+TS-vdW(SC) and PBE0+TS-vdW(SC) in comparison to PBE (see Table I ) and the resultant mean value of n Cl−O = 6.3 agrees reasonably well with recent experimental findings that report coordination numbers between 6.4-6.9 in < 2M aqueous NaCl solutions.
10,12 For the mean Cl-H coordination number, PBE0+TS-vdW(SC) simulations yield a value of n Cl−H = 5.5, which is the largest value among all of the XC functionals considered in this work (all of which predict a consistent mean value of ≈ 5.2), and is in better agreement with the experimental EPSR value of 6.0±1.1. 12 We note in passing that these estimates for the mean Cl-O and Cl-H coordination numbers are consistent with previous AIMD simulations performed with GGA and hybrid functionals.
28-34,36-39
In order to further elucidate the instantaneous variations in the geometry of the first coordination shell surrounding the aqueous Cl
− ion, we now analyze the probability distributions of the n Cl−O and n Cl−H coordination numbers (see Fig. 3 ). From this analysis, we found that most (≈ 40-50%) of snapshots at the PBE level of theory were characterized by 5-fold coordination for both n Cl−O and n Cl−H (see Fig. 3 ), indicating that the Cl − ion is predominantly solvated by five water molecules, each of which are pointing one hydrogen atom toward the Cl − ion. At the PBE0+TS-vdW(SC) level of theory, we instead found that most (≈ 35%) of snapshots can be characterized by 6-fold Cl-O coordination and that both 5-and 6-fold Cl-H coordinations were found to be equally most probable (≈ 35% each). Qualitatively similar observations can also be made with the PBE0 and PBE+TS-vdW(SC) XC functionals, in which n Cl−O is dominated by 6-fold coordination, whereas n Cl−H is dominated by 5-fold coordination. This apparent mismatch between the most dominant coordination number in the n Cl−O and n Cl−H probability distributions is reflective of the presence of more disordered hydrogen-bond structures in the first solvation shell.
To graphically depict the differential coordination numbers found in the aqueous Cl − ion solution, we have computed the spatial density functions (SDF) within the first solvation shell of the Cl − ion based on structures (configurations) obtained at the PBE and PBE0+TS-vdW(SC) levels of theory. In Fig. 4 , we have plotted SDFs for configurations in which the Cl − ion was coordinated with 4, 5, 6, and 7 water molecules, respectively, averaged over all structures characterized by these coordination numbers. For the case of 4-fold coordination, we found that distorted tetrahedral structures are dominant over square planar structures in both XC functionals (see Fig. 4(a) and Fig. 4(e) ). In both XC functionals, the 5-fold coordinated aqueous Cl − ion complexes are predominantly comprised of distorted square pyramidal structures instead of trigonal bipyramidal structures; however, the SDF of the oxygen and hydrogen atoms obtained with PBE0+TS-vdW(SC) (see Fig. 4 (f)) were found to be more delocalized than that obtained with PBE (see Fig. 4(b) ). For the case of 6-fold coordination, the predominant form found with PBE resembles an octahedral arrangement (see Fig. 4(c) ), whereas the trigonal prism structure was more representative of the PBE0+TS-vdW(SC) configurations (see Fig. 4(g) ). The 7-fold coordination case again significantly differs among these distinct XC functionals; here the predominant shape found at the PBE level of theory resembles a capped octahedron (see Fig. 4(d) ), while the more common pentagonal bipyramidal arrangement dominates at the PBE0+TS-vdW(SC) level of theory (see Fig. 4(h) ). In all of the SDF plots in Fig.. 4 , the oxygen and hydrogen atoms were found to be more delocalized on average in the PBE0+TS-vdW(SC) configurations. This observation, in conjunction with the earlier finding that a majority of the configurations posses 6-and 7-fold Cl-O coordination, again exemplifies the fact that the first solvation shell surrounding the Cl − ion is significantly more disordered at the vdW-inclusive hybrid PBE0+TS-vdW(SC) level of theory.
In addition to the detailed coordination structures considered above, the aforementioned disorder in the first coordination shell surrounding the Cl − ion can also be characterized by analyzing the O-Cl-O angular distribution function. In this regard, O-Cl-O angular distribution functions were computed for each of the XC functionals employed herein by considering only the oxygen atoms which reside within the first coordination shell surrounding the Cl − ion (defined by the radial cutoff distance given by r min Cl−O ). As seen in Fig. 5 , the PBE XC functional predicts a maximum at θ ≈ 90
• , a finding which is consistent with the fact that a majority of the configurations at the PBE level are characterized by 5-fold Cl-O coordination (see Fig. 3 ) and predominantly square pyramidal structures (see Fig. 4(b) ). On the other hand, 
PBE0 and both vdW-inclusive XC functionals predict maxima at θ ≈ 75
• , which is consistent with the fact that a majority of the configurations at these levels of theory are characterized by 6-fold Cl-O coordination (see Fig. 3 ) and predominantly distorted trigonal prism structures (see Fig. 4(g) ). Hence, this analysis of the O-Cl-O angular distribution functions is again strongly indicative of the net increase in the amount of structural disorder present in the first solvation shell surrounding the Cl − ion when both exact exchange and non-local vdW/dispersion interactions are accounted for in the underlying XC potential.
B. Electronic Structure of the Aqueous Cl
Beyond the solvation structures of aqueous ionic solutions, which can be directly compared to diffraction experiments, the electronic properties of aqueous ionic solutions, such as the band structure of the solution and the energy levels of the solvated ion, are also important quantities that can be probed by photoemission (PES) and X-ray absorption spectroscopy (XAS). In this regard, a recent PES experiment 24 has measured electron binding energies in aqueous chloride ion solutions, in which the position of the highest occupied molecular orbital (HOMO) of the solvated chloride ion was found to be δE = 1.25-1.50 eV above the valence band maximum (VBM) of liquid water. In order to theoretically study the electronic structure properties of the aqueous Cl ion solution, we have performed DFT-based ground state wavefunction optimizations based on equilibrated structures (configurations) from various AIMD trajectories. In particular, we have also adopted several different XC approximations, ranging from semi-local GGAs (PBE) to hybrid functionals (PBE0 and BHLYP) in these band structure calculations.
We begin this analysis by first considering the band gaps (HOMO-LUMO gaps) of liquid water and the aque- ous Cl − ion (see Table II ). Here, it is well-known that the accuracy of band structure calculations depends crucially on the XC approximation employed in the quantum mechanical description of the electrons. In this regard, the inherent delocalization error and the resulting incorrect convex behavior characteristic of semi-local GGA functional approximations leads to large underestimates of band gaps and incorrect predictions for other features in the band structure.
120 Consistent with previous DFT calculations of liquid water employing the PBE functional, 38 the estimated band gap was found to be ≈ 4.4 eV in this work, which is underestimated by ≈ 4.3 eV from the best experimental estimates. 24 Incorporation of a fraction of exact exchange (E xx ) is an established approach for remedying this problem to some extent, [121] [122] [123] [124] [125] yielding band gaps of approximately 7.0 and 9.7 eV for liquid water using the PBE0 (25% E xx ) and BHLYP (50% E xx ) hybrid XC functionals, respectively (see Table II ). Hence, the inclusion of E xx reduces the delocalization (self-interaction) error and leads to a marked improvement in the predicted band gaps of liquid water. In this regard, it should also be noted that the computed band gaps are relatively insensitive to the molecular structures (configurations) obtained from AIMD trajectories generated by various XC functional approximations. 38 We now focus our attention on the electronic properties of the aqueous Cl − ion solution. In particular, δE, which is defined as the relative energetic difference between the solvated Cl − ion and the VBM of liquid water will play a key role in our analysis. In this regard, it was previously found that the energy level of the solvated Cl − ion is quite sensitive to both the underlying molecular structure as well as the choice of the electronic structure method employed during ground state wavefunction optimization.
38 Therefore, a systematic study that differentiates these two effects is necessary and will be addressed in this work. To accomplish this goal, we first performed band structure calculations with the hybrid PBE0 XC functional based on structures (configurations) generated with AIMD simulations at the PBE, PBE+TS-vdW(SC), PBE0, and PBE0+TS-vdW(SC) levels of theory. With a self-consistent solution to the non-linear Kohn-Sham (KS) equations, we projected the optimized ground-state KS eigenfunctions onto the solvated Cl − ion with a radius of R = 1.5Å. 126 The resulting total density of states (DOS) and real-space projected DOS (PDOS) computed at the PBE0 level of theory are plotted in Fig. 6 , from which it is evident that the total DOS of the aqueous Cl − ion solution is dominated by the features belonging to the valence electrons of liquid water. In this regard, the oxygen 2p states are located well above (> 10 eV) the oxygen semi-core 2s states, and can be further decomposed into three features, corresponding to the 1b 2 , 3a 1 , and 1b 1 bands representing the covalently bonded and nonbonded (lone pair) electrons. As far as the PDOS of the solvated Cl − ion is concerned, the 3s states of the Cl − ion were found to be between the 2s and 2p bands of liquid water while the 3p states of the Cl − ion were found to be located at the edge of the VBM of liquid water-a picture which is consistent with the PES measurements in aqueous Cl − ionic solutions. 24 Moreover, it can be seen that the total DOS computed based on molecular configurations generated from different AIMD trajectories remain very similar in terms of the peak positions and spectral distributions. This finding is indicative of the fact that the band structure of liquid water is rather insensitive to the underlying molecular configurations (i.e., to whether or not E xx and/or non-local vdW/dispersion interactions are accounted for in the underlying XC potential).
In sharp contrast, the relative position of the orbital levels associated with the solvated Cl − ion with respect to the VBM of liquid water shows a much stronger dependence on the underlying molecular configurations. As plotted in Fig. 6 , the PDOS computed at the PBE0 level of theory based on molecular configurations generated from the PBE-AIMD trajectory is mostly located below the VBM of liquid water, yielding a value of δE = 0.13 eV (see Table II ). With exact exchange and/or non-local vdW/dispersion interactions accounted for in the underlying potential to generate the AIMD trajectories, the distribution of the PDOS becomes more prominantly separated from the VBM of liquid water. As a result, the computed δE increases in the direction of the experimental value of δE = 1.25-1.50 eV as shown in Table II , a result that we attribute to the weakened interaction between the Cl − ion and its surrounding water molecules with the use of vdW-inclusive hybrid XC functionals. As discussed above in Sec. III A, the collective effects of E xx and non-local vdW/dispersion interactions lead to a net decrease in the strength of the hydrogen bonds existing between the lone pair electrons of the Cl − ion and the water molecules residing in the first solvation shell. With the positions of the first maximum in g Cl−O (r) and g Cl−H (r), i.e., r max Cl−O and r max Cl−H , slightly increased, hybridization between the Cl − 3p and the oxygen 2p orbitals (located at the edge of the liquid water valence band) becomes less favorable. We note in passing that this explanation is consistent with the increased δE depicted in Fig. 6 .
From the above discussion, one can see that an accurate prediction of the electronic properties of the solvated Cl − ion crucially depends on the description of the interaction between the p electrons of Cl and O. In this regard, the more accurate prediction of the hydrogen bond tends to discourage hybridization among these p orbitals, thereby increasing δE towards the experimental value. This trend is even more pronounced when different XC approximations are utilized in the theoretical treatment of the electronic structure. As shown in Fig. 7 , we now present the DOS and PDOS of the aqueous Cl − ion solution based on ground-state wavefunction optimizations performed at the PBE, PBE0, and BHLYP levels of theory. In this case, the underlying molecular structures or configurations are kept fixed and were taken from an AIMD trajectory employing the vdW-inclusive hybrid PBE0+TS-vdW(SC) XC potential. This choice is motivated by our recent study in which we found that the PBE0+TS-vdW(SC) XC potential yielded a very accurate prediction of the microscopic structure of ambient liquid water that is in quantitative agreement with respect to the available scattering experiment data.
103
As clearly seen from Fig. 7 , the PDOS of the solvated Cl − ion is significantly affected by the choice of DFT functional employed in the electronic structure calculation. At the semi-local PBE-GGA level of theory, the computed value of δE = −0.06 eV is negative, which is opposite in sign compared to the experimental value; however, as the fraction of E xx is increased from 25% (PBE0) to 50% (BHLYP), the δE steadily increases to 0.34 eV and 0.92 eV, respectively, and is rapidly approaching the experimental value. Again, we attribute this trend to the removal of the deleterious selfinteraction error that is present in semi-local XC functionals via the admixture of exact exchange in the hybrid PBE0 and BHLYP XC functionals. As such, the electronic structure predicted by semi-local GGA functionals (such as PBE) artificially favors the interaction of the Cl − ion and its surrounding water molecules by facilitating a greater extent of p orbital hybridization. This effect is greatly reduced at the hybrid DFT level of theoryat the BHLYP level, the eigenfunctions of the Cl − ion HOMO were found to have a non-negligible amplitude located on water molecules in the first coordination shell in only ≈ 5% of the configurations. However, we note in passing that this fraction increases to over 70% when the semi-local PBE-GGA XC functional is used instead (see Fig. 8 ). These findings reported above are consistent with the previous study by Zhang et al. 38 in which it was found that the use of hybrid XC functionals in generating both the electronic and molecular structure was essential for a qualitatively correct prediction of δE. The current study further indicates that accounting for nonlocal vdW/dispersion interactions in the generation of the underlying molecular structure is also important for obtaining a quantitatively correct theoretical prediction of this fundamental quantity in aqueous ionic solutions. By admixing 25% of E xx , the hybrid PBE0 XC functional has successfully generated an electronic structure that is qualitatively consistent with the available PES experiments. However, 25% of E xx might not be sufficient to completely eliminate the effects of self-interaction error on δE, 127 which can serve as an explanation for the remaining discrepancy that exists between theory and experiment. In addition, it should also be noted that an explicit treatment of nuclear quantum effects (NQE), as provided by the Feynman discretized path integral technique, is expected to further decrease the strength of the interaction between the Cl − ion and water-as a result, a further increase in δE towards the experimental value is anticipated with such a theoretical treatment of this fundamental aqueous ionic solution.
IV. CONCLUSIONS
In this work, we have systematically studied the solvation and electronic structure of the aqueous chloride ion solution using DFT-based AIMD which incorporates exact exchange (E xx ) and non-local vdW/dispersion interactions in the underlying XC potential. From an analysis of g Cl−O (r) and g Cl−H (r), we find that the inclusion of exact exchange and non-local vdW/dispersion interactions via the use of the PBE0+TS-vdW(SC) XC functional effectively weakens the interactions between the Cl − ion and the surrounding water molecules residing in the first solvation shell and yields a mean Cl-O coordination number, n Cl−O = 6.3±0.8, that is in excellent agreement with the available experimental data. Moreover, we found that most configurations at the vdW-inclusive hybrid PBE0+TS-vdW(SC) level of theory can be characterized by 6-fold Cl-O coordination and are predominantly comprised of distorted trigonal prism structuresfindings which are strongly indicative of a significantly disordered first solvation shell surrounding the Cl − ion.
By performing a systematic series of band structure calculations on molecular structures (configurations) generated from AIMD simulations with various differing XC potentials, we were able to selectively isolate the effects arising from the underlying molecular structure as well as the choice of the electronic structure method on the energy levels of the solvated Cl − ion relative to the VBM of liquid water (δE). In doing so, we found that while the band structure of liquid water is rather insensitive to the underlying molecular configurations, the relative positions of the orbital levels associated with the solvated Cl − ion with respect to the VBM of liquid water strongly depend on the underlying molecular configurations. Here, the effective weakening of the hydrogen bonds existing between the lone pair electrons of the Cl − ion and the water molecules residing in the first solvation shell due to the collective effects of E xx and nonlocal vdW/dispersion interactions leads to a decrease in the degree of hybridization between the Cl − 3p and the oxygen 2p orbitals located at the edge of the liquid water valence band. In the same breath, the PDOS of the solvated Cl − ion is also significantly affected by the choice of DFT functional employed in the electronic structure calculation; as the fraction of E xx was increased from 25% (PBE0) to 50% (BHLYP), δE steadily increased from 0.34 eV to 0.92 eV, thereby rapidly approaching the experimental value of 1.25-1.50 eV.
As a final set of remarks, we note that the quantitative description of the microscopic structure of the aqueous Cl − ion solution may change by further refinement of the underlying XC functional approximation, which may be accomplished by reducing the self-interaction error via fine-tuning the exchange correction, 128 and/or including a better description of vdW/dispersion interactions via the inclusion of beyond-pairwise interactions, as provided, for example, by the recently proposed many-body dispersion (MBD) scheme. [129] [130] [131] [132] As mentioned above, structural refinements are also expected to result from a proper treatment of nuclear quantum effects via the Feynman discretized path-integral approach, which is expected to further weaken the interactions between the solvated Cl − ion and its aqueous surroundings; the use of such configurations in conjunction with a higher-level electronic structure theory, such as Hedin's GW selfenergy approximation 133 and/or the random phase approximation (RPA), [134] [135] [136] should lead to even better agreement with PES experiments on the relative energetics among the solvated Cl − orbitals and the VBM of liquid water. 
